Objective: To evaluate the independent and joint effects of dietary folate, vitamin B 12 consumption and methylenetetrahydrofolate reductase (MTHFR) polymorphisms (677C4T and 1298A4C) on the circulating folate and homocysteine (Hcy) levels among Mexican women of reproductive age. Design: A cross-sectional, population-based study. Subjects: The first 130 healthy non-pregnant women (aged 16-34 years) who agreed to participate in a reproductive cohort in Morelos, Mexico. Main outcome measurements: Dietary intakes of vitamin B 12 and folate were estimated using a semiquantitative food frequency questionnaire. MTHFR 677C4T and 1298A4C polymorphisms were ascertained using the PCR-based method. Serum levels of Hcy and folate were determined using high-performance liquid chromatography and radioimmunoassay, respectively. Results: Genotype frequencies for the MTHFR 677C4T polymorphism were 21.5% (CC), 52.3% (CT) and 26.2% (TT) among Mexican women. Of the population, 22% had the MTHFR 1298AC genotype, while no individual carried the 1298CC genotype. We observed an increased level of Hcy among carriers of the 677TT genotype, compared to carriers of the 677CC genotype. The highest level of Hcy was observed among MTHFR 677TT carriers with low B 12 intake (o2.0 mg/day), which resulted with a significant interaction (P ¼ 0.01).
Introduction
Elevated levels of homocysteine (Hcy), especially at levels higher than 15 mmol/l, are considered to be a risk factor for adverse reproductive outcomes; including pre-eclampsia, preterm birth, and very low birth weight (Vollset et al., 2000; Ronnenberg et al., 2002) . The intake of folate and B vitamins has been shown to influence biological levels of Hcy (Refsum et al., 1998) , which is an important component in the one-carbon metabolism, which is crucial for DNA synthesis and repair (Vanaerts et al., 1994) . Methylene tetrahydrofolate reductase (MTHFR) is a key enzyme in one-carbon metabolism, which mediates reduction of 5, 10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, for the conversion of Hcy into methionine. Any disruption in enzymatic functions as well as decreased bio-availability of folate and vitamin B 12 may interrupt strict metabolic control, and increase the concentration of Hcy in circulation (Finkelstein, 2000) . Several studies carried out on healthy subjects have shown that the variant MTHFR 677T allele (which expresses 60% of enzyme activity) (Frosst et al., 1995) is associated with reduced levels in the circulation of folate but increased levels of Hcy (Jacques et al., 1996) .
The prevalence of the variant MTHFR 677T allele among the Mexican population is one of the highest (B50%), compared to other world populations (Botto and Yang, 2000) . Studies in Mexican subgroups have shown the frequency of 677TT homozygote to be about 30% (Mutchinick et al., 1999; Davalos et al., 2000; Delgado-Enciso et al., 2001; Martínez de Villarreal et al., 2001; Ruiz-Argüelles et al., 2001; González-Herrera et al., 2002) . Neural tube defects (NTD) are highly prevalent in Mexico (B/250 pregnancies 420 weeks of gestation) (Mutchinick et al., 1999) . However, the association between MTHFR 677C4T genotypes and NTD is not consistent throughout Mexico and may relate to variations in environmental factors, such as diet. Median dietary folate consumption in Mexico varies from 215.1 mg in the North (adequacy percentage (AP) of 64.5%) to 238.2 mg in the South (AP ¼ 71.4%), with a median folate consumption at a national level of 220.9 (AP ¼ 67.0%). No information concerning vitamin B 12 consumption at a national level is available (Barquera et al., 2003) , however, there is evidence of a deficit of vitamin B 12 among individuals living in rural areas of Mexico (Black et al., 1994; Allen et al., 1995) .
For public health purposes, it is important to identify modifying risk factors that are associated with adverse reproductive outcomes. In this study, we investigated the independent as well as the joint effects of dietary folate and B 12 consumption and MTHFR polymorphisms (i.e. 677C4T and 1298A4C) on Hcy and folate serum levels in women of reproductive age from the state of Morelos, Mexico.
Methods

Study population
In January 2001, we began recruiting a cohort of women of reproductive age, who were residents of three municipalities in the state of Morelos, Mexico. Eligible women were selected at the Civil Registry, when attending the premarital talks, required by the State of Morelos before marriage. Inclusion criteria were the following: to have lived in the State for at least 6 months before the initial contact; not being pregnant; not breastfeeding; and without a previous history of chronic diseases of the heart, liver, kidney or gastrointestinal system.
For this analysis, we performed a cross-sectional evaluation of the first 130 women who agreed to participate in the cohort. All participants signed an informed consent and the research protocol was approved by the Institution Review Board of Mexico, National Institute of Public Health. A structured questionnaire was administered by trained nurses to obtain information on age, education, occupation, alcohol and tobacco consumption, and gyneco-obstetric history.
Dietary information
Intake frequencies of 95 different food items were estimated by a semiquantitative questionnaire, previously used in other studies carried out in Mexico (Bonilla-Fernández et al., 2003) . This questionnaire was previously validated in 1998, comparing the results obtained from the FFQs applied to women of medium-to-low socioeconomic status living in Mexico City, with those obtained from four 4-day 24 h recalls at 3-month intervals (Hernández- Avila et al., 1998) . In this study, women were asked about their dietary habits during the 12 months before the interview. Frequency of intake of food items was recorded, using 10 different response categories, ranging from never to six times a day.
The computer program Food Intake Analysis System (FIAS 3.0) was used to estimate the intake of B 2 , B 6 , and folate intake on the bases of the foods such as liver, beans, lentil, peas, fava beans, green beans, tomatoes, spinach, lettuce, potatoes, cauliflower, broccoli, squash flower, corn on the cob, chili pepper, zucchini, beet, carrot, avocado, orange, papaya, mango, strawberries, banana, tangerine, melon, watermelon, blackberries, pear, pineapple, apple, peach, grapes, mutton, tuna, pork, beef, eggs, and dairy products; likewise, the intake of B 12 was based on the consumption of liver, sardines, tuna, pork, dairy products, mutton, beef, eggs, fish, chocolate, beer as well as white and red wine.
The frequency of intake of fruits and vegetables was adjusted, depending on seasonal availability in the market. For example, plums are available in the market during 6 months of the year; for this reason, the reported daily frequency of plums was divided by 2. In addition, the nutritional contents of some local foods were added and adapted to the FIAS package.
Biochemical analysis
A 10 ml blood sample was taken from each study participant. All samples were immediately put on ice and centrifuged within 12 h at 2000 r.p.m. for 10 min. Buffy coat was used to isolate genomic DNA, using a Qiagen Miniprep Kit, following the manufacturer's instructions. Serum was separated and kept at À801C, until it was analyzed.
Serum folate was determined by radioimmunoassay (BioRad Quantaphase II kit; BioRad, Hercules, CA, USA). Commercially available control samples were run with each assay. The within, and between, assay coefficients of variation are 5.1 and 6.0%, respectively.
Total serum Hcy was measured, using a high-performance liquid chromatography (HPLC) method, along with coulometric electrochemical detection (Ubbink et al., 1991) . The method consisted of reduction of the sample with tris-2-carboxyethyl-phosphine, followed by precipitation of serum proteins by using trichloroacetic acid (TCA). The TCA precipitates were then injected directly into the HPLC system, and separated on a reverse phase column. Detection of total Hcy was performed using oxidation at þ 900 mV on the electrode surface. Quantification was performed with the use of an internal calibrator and penicillamine, and Hcy external calibration standards. The within-and between-day coefficients of variation were 6.3 and 6.9%, respectively.
Genotyping
Genotyping for MTHFR 677C4T and 1298A4C polymorphisms has been previously published (Chen et al., 1996; Weisberg et al., 1998) . Routine positive (with known allele status) and negative (no DNA) PCR controls were included in every batch of PCR samples. We also carried out blind tests on a 10% sample for each data set, as an additional quality control.
Statistical analysis
Sociodemographic characteristics of the study population were examined using univariate analysis. The distribution of the MTHFR 677C4T and 1298A4C polymorphisms was checked for Hardy-Weinberg equilibrium, using the w 2 test.
Linkage disequilibrium (LD) between 677C4T and 1298A4C polymorphism was calculated as D 0 , which ranges from 0 (no LD) to 1 or À1 (complete LD). The EH linkage utility program was used to determine w 2 statistics and P-values, resulting from tests of the allelic association between polymorphic markers (Lewontin, 1988; Terwilliger and Ott, 1994) . Serum folate and Hcy levels were log transformed to normalize their distribution, and their geometric means were compared in terms of the intake categories of vitamin B 2 , B 6 , B 12 and folate, as well as considering alcohol consumption and MTHFR 677 and MTHFR 1298 genotypes, respectively, using analysis of variance (ANOVA). Adjusted means by: age, body mass index (BMI), smoking habits, alcohol consumption and energy intake of folate and homocysteina were further compared, in terms of MTHFR 677 categories and group variables of interest. The existence of a linear trend was evaluated using multiple linear regression models. The potential gene-dietary interactions (including B 2 , B 6 , and B 12 intake, and alcohol consumption) were assessed by adding the corresponding interaction term to the multiple linear regression models. Bonferroni adjustment was performed to reduce the probability of type I error, caused by making multiple comparisons. All analyses were performed using the statistical software STATA 7.0. Table 1 depicts the general characteristics of the study population. About 80% percent of the women were younger than 24 years of age with a mean of 21.874.1 years. About 80% of the population had completed primary education, and almost half (52.3%) were employees on salaries. Out of the 130 women interviewed, 17% reported previous pregnancies. Current smokers (27%) and alcohol consumption was low (85.4% consumed one drink per week or less) among this population. The mean BMI was 23.2 kg/m 2 . For the MTHFR 677C4T polymorphism, the 'variant' 677T allele (52.3%) was more prevalent than the 'wild-type' 677C allele (47.7%). In our study population, 26.2% of the women were homozygous variant genotype (677TT). For the 1298A4C polymorphism, the 1298C allele frequency was 11.2%; no homozygous variant genotype (1298CC) was identified. Distributions of both genotypes appeared to be in Hardy-Weinberg equilibrium (P ¼ 0.58 for 677C4T; P ¼ 0.15 for 1298A4C). The frequency of heterozygosity for both genotypes (677CT þ 1298AC) was 15.4%. The LD analysis suggests that the MTHFR 1298A4C polymorphism is not genetically linked to the 677C4T polymorphism (D 0 ¼ À0.317, P ¼ 0.34). Regarding vitamin B 12 and folate intake, the prevalence of inadequate consumption of vitamin B 12 (o2.0 mg/day) and folic acid (o400 mg/day) was 15.4 and 47.7%, respectively, while about 20% of the women fell below the recommended intake of vitamin B 2 (1.5 mg/day) and vitamin B 6 (1.6 mg/day) (Avila-Curiel, 2002) . The median values for daily intake were 1.94 mg/day, 2.0 mg/day, 3.7 mg/day and 404.0 mg/day for vitamins B 2 , B 6 , B 12 , and folate, respectively. There was no difference in dietary intake with respect to genotypes, except that 1298AC individuals had lower folate intake (P ¼ 0.008). Table 2 shows the geometric means of serum folate and Hcy levels with reference to vitamin B 2 , B 6 , B 12 , folate, alcohol intake, and MTHFR 677C4T and MTHFR 1298A4C genotypes. This study population had an average serum folate level of 8.571.7 (ng/ml). The mean value for serum Hcy was 10.371.6 mmol/l; 23.1% of the subjects had Hcy levels above 14 mmol/l (data not shown in the table).
Results
A significant reduction of serum folate levels (2.6 ng/ml) was observed among women who reported more than one drink of alcohol per week, compared to those who abstained, using a test for significance in trends (P ¼ 0.02). In contrast, folate and Hcy levels did not vary with respect to alcohol consumption, nor did they with respect to the other nutrient dietary intake categories as shown in the table.
Serum folate levels were not significantly different when MTHFR 677C4T and 1298A4C genotypes were considered; either independently (Table 2) , or jointly (Table 3 ). In contrast, serum Hcy levels were higher and marginally significant (P ¼ 0.07) among carriers of the 677TT genotype, compared to 677CC and 677CT carriers (P for trend ¼ 0.04).
As is shown in Table 3 , the highest value for Hcy was detected among those with the 677TT/1298AA haplotype. Also, the lowest and marginally significant (P ¼ 0.06) serum folate level was found among alcohol drinkers, who were carriers of the MTHFR 677TT genotype. Carriers of the MTHFR 677TT genotype, who drank more than one glass of alcohol per week, demonstrated no significant rise in Hcy level when compared to non-alcohol drinkers who carried the 677CC genotype.
No association was found between serum folate and MTHFR 677C4T genotype/vitamin B 12 categories. In contrast, a significant interaction between MTHFR 677C4T genotype and vitamin B 12 consumption, concerning Hcy levels was detected (interaction P ¼ 0.01) ( Table 3) . Women who reported an intake of vitamin B 12 of less than 2 mg/day and who were carriers of the 677TT had 8.6 mmol/l higher Hcy levels than that of those carrying the 677CC genotype with X2.0 mg/day of vitamin B 12 consumption. Contrastingly, no interactions were found between the MTHFR genotypes, either in terms of alcohol consumption or B 2 , B 6 intake (data not shown).
Furthermore, serum Hcy levels did not correlate with 1298A4C polymorphism, with respect to nutrient intake (data not shown).
Discussion
The results of this study show that serum levels of Hcy are significantly greater among 677T carriers; this relationship was modulated by daily intake of folate and vitamin B 12 . This B 12 vitamin, MTHFR polymorphisms and homocysteine levels L Torres-Sánchez et al is the first study that evaluates the relationship between serum folate, Hcy levels and MTHFR polymorphisms, with respect to vitamin B 12 dietary intake, in Mexico. Our results are in conformity with those coming from cross-sectional studies, which measured vitamin B 12, exclusively in blood serum. Two studies relate increased levels in the circulation of Hcy, associated with the 677TT genotype, in the presence of low serum levels of vitamin B 12, after adjusting for levels of folic acid (Moriyama et al., 2002; Herrmann et al., 2003) . Only one published study had been carried out among women of reproductive age, taking into account both polymorphisms of MTHFR (677C4T and 1298A4C); and this reported that the plasma levels of Hcy increased along with decreasing levels in the circulation of vitamin B 12 . However, the increase was only significant among heterozygous subjects, for both genotypes (Bailey et al., 2002) .
There is evidence from two intervention studies, which indicates that a decrease in Hcy levels can be achieved by administrating folate supplement and that this association can be mediated using vitamin B 12 . In one study, healthy subjects were given a multivitamin supplement containing 0.4 mg/day of hydroxicobalamin, 5 mg of folic acid, and 50 mg of pyridoxine (den Heijer et al., 1998) ; the results demonstrated a 49% reduction in the basal median value of Hcy, among individuals with the 677TT genotype. In another study, a similar response could only be detected among subjects with hyperhomocysteinemia, who were carriers of the polymorphism 677C4T, who had taken the supplements over 4 weeks, and these had either normal or elevated levels of vitamin B 12 (D'Angelo et al., 2000) .
The interaction mechanism between MTHFR and vitamin B 12 could represent a double block for the route to demethylation. MTHFR is the enzyme that catalyzes the reduction of 5, 10-methylenetetrahydroflolate to 5-methyltetrahydrofolate, which in turn donates a methyl group to transform Hcy into methionine, a B 12 -dependent reaction catalyzed by methioninesynthetase. Hence, the coexistence of a deficient MTHFR and a decreased availability of vitamin B 12 leads to a blockage of the demethylation route with the accumulation of Hcy, and also prevents the production of methionine (Tisman and Herbert, 1973; Yamada et al., 2000) . An excess of Hcy resulting from this condition is believed to have an important embryotoxic effect, which could be mediated by the inhibition of important methylation reactions (Vanaerts et al., 1994) , or alternatively be the result of direct DNA damage (Botto et al., 2003) . This damage is considered to be the result of an inhibited de novo synthesis of deoxythymidylate (Fell and Selhub, 1990 . In any case, these could be the mechanisms involved in the development of NTD and/or represent an excess risk for spontaneous miscarriages, among women carrying the MTHFR 677C4T polymorphism.
The lack of effect of MTHFR 1298A4C polymorphism could be explained by low MTHFR 1298C allele among the Mexican population. Although no information is available from other Mexican groups, the allelic frequency of MTHFR 1298C in our population was very similar to that observed among healthy newborns of Hispanic descent (16%) in Texas. Compared to other populations (B30%) (Ogino and Wilson, 2003) , the frequency of 1298C in our study population is lower.
In contrast to the LD between MTHFR 677C4T and MTHFR 1298A4C, observed among the Caucasian population , the two polymorphisms seemed to be independent among the Mexican population. This is probably due to the large size of the original Mexican population and the long period of time, which has elapsed since the indigenous population merged with the Spanish conquerors, forming the mestizo population.
When estimating nutrient intake, using a food frequency questionnaire (FFQ), the reproducibility/reliability is of concern. In this study, the FFQ used for the interviews is a standardized instrument, which has been extensively used in Mexico for other studies, considering populations similar to that studied here, (particularly in terms of age and education).
Using this tool, we expect to capture about 50% of the current daily dietary intake of vitamin B 12 and folic acid (Hernández-Avila et al., 1998) . There is little reason to expect that such an underestimation is differential in relation to MTHFR genotypes; neither interviewers nor participants had any knowledge about the study hypothesis or the presence of the polymorphism. Regarding Hcy measurements, non-differential errors are also to be expected; on one hand, laboratory technicians were blinded about the genetic characteristics, as well as the dietary information of the participating individuals; on the other, hand variations in fasting and other related factors that may alter Hcy levels (i.e. coffee consumption) were highly likely to occur at random, thus attenuating the observed associations (Refsum et al., 2004) .
Another methodological consideration is the reduced statistical power in this study that may preclude the detection of a potential statistical effect of B 2 and B 6 vitamin intake on Hcy levels.
Finally, it is evident that vitamin B12 is important for determining Hcy levels. Supplementation with folic acid alone, both before and during pregnancy, should be considered only as a partial solution to the problem, particularly if the prevalence of the MTHFR polymorphism is high and folate intake is relatively adequate. Developing recommendations combining folic acid supplementation with other B vitamins, particularly B 12 may be preferable. Available evidence indicates that combined supplementation enhances the reduction of hyperhomocysteinemia in individuals with a deficiency of both vitamins (den Heijer et al., 1998) , and probably reduces the risk of spontaneous abortion among MTHFR 677TT and transcobalamin 776GG carriers (Zetterberg et al., 2003) . However, more important is the fact that folic acid supplementation alone is likely to mask a deficiency in vitamin B 12 (Obeid et al., 2002) and consequently hampers the possibility of correcting the levels of Hcy. Further, larger intervention studies are needed to evaluate the role of MTHFR 677 C4T genotypes, when deciding between only folate supplementation and folate plus vitamin B 12, in order to reduce Hcy levels.
